Numerical simulations have been performed to investigate interaction ofupwelling plumes with the 670 km discontinuity. Effects of pressure-dependent rheology on this interaction are evaluated in this study because pressure-dependence of the viscosity affects the amount of the buoyancy of the plume. The 670 km discontinuity is taken as phase and/or chemical boundaries. The condition for the plume to penetrate into the upper mantle is examined by varying the value of the. Clapeyron slope and the compositional density difference. The plume can penetrate and reach the bottom of the lithosphere when the Clapeyron slope is gentler than -5 MPa/K for the pure phase boundary, and when the compositional density difference is smaller than 1.0% for the pure chemical boundary. The value of the critical Clapeyron slope is steeper by 2 MPa/K and the value of the compositional density difference is larger by 0.5% than those in case of pressure-independent rheology. The plume can hardly penetrate into the upper mantle when the 670 km discontinuity possesses a small amount of the compositional density contrast as well as the phase transition with the plausible Clapeyron slope. This result suggests that the mantle may be of uniform composition or at most has a weak compositional layering difference if the origin of the plume is in the deep mantle.
Introduction
It is widely accepted that mantle plumes are the source of flood basalts and succeeding hot spot volcanoes. Mantle plumes are columnar upwelling of the mantle convection, the origin being deep in the mantle, presumably at the core-mantle boundary, because hot spots are fixed in spite of plate motion (Morgan, 1971; Richards and Griffiths, 1988) . Isotope data indicate that some hot spot magmas include primitive materials which have not experienced degassing throughout the Earth's history (Kaneoka and Takaoka, 1985) .
If the origin of the plume is in the lower mantle, the plume must ascend through the 670 km discontinuity. In this case, the convective flow in the upper and the lower mantle is connected. The 670 km discontinuity is either a phase boundary or a phase and chemical boundary. Density difference and a negative Clapeyron slope of the phase transition in the discontinuity may prevent the upwelling of the plume from ascending. Studies on the interaction of the plume with the 670 km discontinuity give important constraints on the styles of mantle convection.
Seismic tomography can directly observe whether the convective flow extends through the 670 km discontinuity or not. Recently, we have got detailed three-dimensional velocity structures of the subduction zones (for example, van der Hilst et al., 1991; Fukao et al., 1992) . According to the results, some slabs penetrate into the lower mantle. However, there is no direct evidence for the origin ofthe plume from seismic studies. Therefore, a direct evidence which shows that the origin of the plume is in the lowermost mantle has not been obtained from seismology yet.
Recent high pressure experiments have shown that the 670 km discontinuity is due to the phase transition of the spinel to the perovskite and magnesiowustite (Ito and Takahashi, 1989) . This transition *Present address: Department of Earth and Planetary Systems Science , Hiroshima University, Higashi-Hiroshima-shi, Hiroshima 724, Japan. 587 has narrow pressure interval (only about 4 km in depth) (Ito and Takahashi, 1989) and has the Clapeyron slope of -4 MPa/K ± 2 MPa/K (Ito et al., 1990 ). We have not yet had a clear answer whether the 670 km discontinuity is a pure phase boundary or a combination of phase and chemical boundaries. Seismic observations for the sharpness and the undulation of the 670 km discontinuity indicate the phase boundary origin (Shearer and Masters, 1992) . Jeanloz (1991) , however, suggested that the chemical difference between the upper and lower mantle is not seismologically observable because seismic velocity jump at the boundary is very small. Therefore there remains a possibility that the 670 km discontinuity is a combination of the phase and the chemical boundaries.
It is important to examine interaction of the upwelling plume with the 670 km discontinuity from the viewpoint ofmantle dynamics. A number of theoretical and numerical studies are performed to investigate this problem. Olson and Yuen (1982) conducted the interaction of a thermochemical plume with a phase boundary using boundary layer theory. The interaction of the thermal convection with a chemical boundary was investigated by experimental and/or numerical studies (Richter and McKenzie, 1981; Olson, 1984; Kellogg, 1991) . Many numerical studies have been performed to investigate the mantle convection with a single phase transition (Christensen and Yuen, 1985; Machetel and Weber, 1991; Tackley et al., 1993) or multiple phase transitions (Liu et al.,1991; Zhao et al., 1992; Peltier and Solheim, 1992; Honda et al., 1993) . In these studies, the models of the mantle with the constant viscosity or the depth-dependent viscosity were used. Temperature-dependent viscosity was employed to investigate the interaction of the descending slab with the phase and chemical boundaries by Christensen and Yuen (1984) . Recently, we have investigated using time-dependent numerical models how plumes interact with the phase and chemical boundary (Nakakuki et al., 1994) . According to our results, the plume can penetrate into the upper mantle when Clapeyron slope is gentler than -3 MPa/K for the pure phase boundary, and when the compositional density difference is smaller than 0.5% for the pure chemical boundary. In our previous study, we emphasized the effect of the low viscosity of the plume due to the temperature dependence.
Comparison of the numerical simulations for the plume with those for the slab (Christensen and Yuen, 1984 ) is available to examine whether the plume can acsend through the 670 km discontinuity. We showed that it is more difficult for the plume to reach the top of the mantle than for the slab to penetrate into the lower mantle. The temperature dependence of the viscosity makes the critical values at which the plume can penetrate into the upper mantle severe. The slab stagnation (van der Hilst et al., 1991; Fukao et al., 1992) probably means that the physical properties of the 670 km discontinuity are close to the critical values for the slab penetration. Our previous results show that it seems inconsistent with these seismological results that the origin of the plume is in the deep mantle. If the origin of the plume is in the deep mantle, there should be some mechanisms which encourage the plume to ascend through the 670 km discontinuity.
Increase of the viscosity in the lower mantle by pressure-dependent rheology is considered to be the most important of such mechanisms. Higher viscosity in the lower mantle may be considered as the mechanism to explain immobility of the hot spot volcanoes (Gurnis and Davies, 1986) . Viscosity in the lowermost mantle also affects an amount of the buoyancy of the plume (Christensen, 1984a) . Increase of the viscosity, therefore, should be expected to have an important effect to encourage the plume to ascend through the 670 km boundary. The depth (pressure)-dependent viscosity is employed in some previous studies (Honda et al., 1993; Tackley et al., 1993) . They concentrated their effort to show that the effect of the phase boundary with the pressure-dependent viscosity results in the large-scale lateral heterogeneities in the mantle given by tomographic studies (e.g., Su and Dziewonski , 1992) . The purpose of their studies are, however, not to reveal effects of the pressure-dependent viscosity on the interaction of the ascending plume with the phase and the chemical boundaries. We have quantitatively examined the effects of the pressure-dependent viscosity in this paper.
The plume is modeled as a rising thermal boundary layer which starts from an instability of a hot thermal boundary layer at the bottom of the mantle. Temperature-dependence of the viscosity is also employed to introduce the weak mechanical strength of the plume due to the lower viscosity. The results for the plume will be compared with those of the slab given by Christensen and Yuen (1984) as our previous studies. This comparison will enable us to presume the origin of the plume.
Models
The aim of this study is to quantitatively estimate the effects of the pressure-dependent viscosity on interaction of a rising thermal plume with a chemical and/or phase boundary. All the other properties of the mantle are kept as simple as possible. The fluid is in a two-dimensional rectangular box with aspect ratio of unity; size of the fluid is 1500 km x 1500 km. Mechanical boundary conditions are set to be stressfree. Temperatures are fixed at the top and the bottom boundaries and no heat flux at both the side boundaries. The boundary between the upper and the lower mantle is initially at the depth of 600 km. The total density difference due to both the phase and the chemical changes is fixed at 9%. The density difference due to the phase change varies from 9% to 7.5%, and the density difference due to the chemical change ranges correspondingly from 0% to 1.5%.
Pressure-and temperature-dependent viscosity is introduced by the following equation,
where g is Weertman's parameter. Minimum viscosity Tlmin is added for numerical stability. Pressure dependence of viscosity is controlled by varying the value of solidus temperature Tm with depth. The viscosity at the initial temperature of 1590 K is assumed to be 1 x 1020 Pa-s at 0 km depth, 3 x 1021 Pa-s at 300 km depth, and 1 x 1023 Pa-s at 300 km depth as Fig. 1 shows. Temperature at the bottom ofthe mantle is taken to be 2390 K that is 800 K higher than in the mantle (Stacey and Loper, 1983) . Disturbance of the temperature is produced near the bottom of the fluid layer to initiate a hot plume by an instability of the thermal boundary layer. We have used typical values for the other physical parameters of the mantle as listed in Table 1 
Basic Equations and Numerical Method
The equations to be solved are equation of motion, energy, and equation giving location of phase and chemical boundary. These equations are the same as Nakakuki etal. (1994) . These are non-dimensionalized according to Christensen and Yuen (1985) . Equation of motion using stream function lP is Table 1 . IF p and 1T are described later. The energy equation (T +u.OT=V2T (6) neglects the effects of the adiabatic gradient, frictional heating, and the latent heat release of a phase transition for computational simplicity. These effects are less efficient than the effect of the buoyancy force by the undulation of the phase and the chemical boundary as pointed out by Yuen (1984, 1985) . The location of a phase boundary is expressed by a step-like function F varying from 0 to 1, depending on excess pressure it as I'p = 2 1-tank d (7) with r=zpt-z+y(T-Tpt) 
Chemical diffusion is negligible in the spatial and temporal scale of the mantle convection. The equations described above are solved by the finite difference method the same as used in Nakakuki et al. (1994) . Finite difference equation of the equation of motion is solved by modified Cholesky decomposition. Local upwind method (Clauser and Kiesner, 1987) is employed in the spatial derivative of a convection term of energy equation. Time marching scheme is a semi-implicit method using an explicit convection term and implicit diffusion term with the first-order accuracy.
I'p is calculated for the inner mesh finer than the main mesh where stream function, temperature and chemical difference are defined. The values of I'p for the main mesh are obtained by avaraging the values of the inner mesh.
It is difficult to solve mass transport equation expressing the location of a chemical boundary using Eulerian method without introducing numerical diffusion. Therefore, it is solved by introducing Lagrangian particles. Second-order-accurate particle (SOAP) method (Nishiguchi and Yabe, 1983 ) is used in this study.
Computations are performed on the uniform grids with the spacing 60 x 60. 5 x 5 inner meshes for F, and 5 x 5 particles for rc are put in each main mesh. Time step is defined to satisfy 10% of Courant condition to realize numerical stability. Benchmark tests were carried out to check the numerical procedure. Our reproduced models have been compared with the convection models with the variable viscosity by Blankenbach et al. (1991) , Christensen (1984b) , Schmeling (1989) and the model with a phase boundary and constant viscosity by Christensen and Yuen (1985) . Nusselt number, root mean square velocity and stream function are in good agreement with these models within 1 or 2% difference.
Results

Phase boundary
Numerical experiments have been carried out assuming that the 670 km discontinuity is a pure phase boundary with the density difference of 9%. Clapeyron slopes yof-6, -5, and -4 MPa/K were examined. We firstly show the result of the model with pressure-independent viscosity in Fig. 2 (Nakakuki et al., 1994) . The Clapeyron slope of the phase transition is -4 MPa/K in this model. A boundary layer instability occurs after sufficient development of the bottom thermal boundary layer due to the heat coming from the bottom. The head of the plume is small in the early stage of ascending, and gradually grows because a hot material is supplied through the low viscosity tail of the plume. It is like a sphere in the case ofpressure-independent viscosity.
The circulation initially consists of a single cell in the whole volume in all cases. This initial state does not affect the results of present calculations, because the phase boundary does not interact with the convection in an isothermal mantle. Only after the hot rising plume reaches the phase boundary, the negative Clapeyron slope causes a negative buoyancy that prevents further upflow of the plume. In this case (pressure-independent viscosity, y= -4 MPa/K), the phase boundary completely prevents the plume from ascending. The head of the plume deforms and spreads beneath the phase boundary. value of the Clapeyron slope as that of the model shown in Fig. 2 . The thermal boundary layer for the pressure-dependent rheology remains stable for longer time than that for the pressure-independent rheology because of the higher viscosity of the mantle. Instability is not realize until the thermal boundary layer grows enough, when size ofthe plume is larger, as Christensen (1984a) pointed out. The temperature in the plume is also higher. The head of the ascending plume is vertically elongated in this case. The reason is that ascending speed of the large head of the plume becomes faster as the head rises to the shallower mantle in which the viscosity is lower than that of the deeper mantle.
The phase boundary starts to act as impediment as soon as the hot rising plume enters the transition region. In the case of the pressure-dependent viscosity and the Clapeyron slope of -4 MPa/K, the phase boundary cannot completely prevent the plume from ascending. The upper part of the large head of the plume penetrates into the upper mantle through the phase boundary. The lower part cannot ascend because of the negative buoyancy force of the phase boundary, and collapses and spreads beneath the phase boundary. The upper part of the plume head, however, continues to ascend.
Fate of the plume penetrated into the upper mantle is shown in Fig. 4 . Ascending flow is cut off at the phase boundary because of the negative buoyancy. The penetrated plume gradually loses its vigor.
Effects of the change of y from -4 to -6 MPa/K are shown in -5 MPa/K , which is the steepest value that the plume can ascend through the phase boundary, only very small penetration into the upper mantle occurs. When y becomes -6 MPa/K, the plume cannot penetrate into the upper mantle. It deflects sideward and spreads under the phase boundary. The critical value is steeper by 2 MPa/K than that in the case when the viscosity does not increase with depth (y= -3 MPa/K, Nakakuki et al., 1994) .
Chemical boundary
In the next series of numerical experiments, we assume that both the phase and the chemical changes contribute to the 670 km discontinuity. The chemical boundary is initially set to coincide with the phase boundary, and the total density contrast is fixed at 9%. We conducted numerical calculations for the chemical density contrasts of 0.5, 1.0, and 1.5%, and the corresponding density contrasts by the phase transition of 8.5, 8.0, and 7.5%, respectively. When the Clapeyron slope is 0 MPa/K, the 670 km discontinuity is identical to a pure chemical boundary. While the plume passes the phase boundary as described earlier, the plume must push up the chemical boundary to reach the bottom of the lithosphere.
The result for the model with y of 0 MPa/K, Lpch/po of 1.0%, and pressure-dependent viscosity is shown in Fig. 6 . As soon as the plume starts to rise, the chemical boundary is distorted upward and is separated from the phase boundary. When the plume head collides with the chemical boundary, it is deformed and pushes up the boundary. The volume of the head increases because heat is continuously supplied to the head from the hot thermal boundary layer through the tail with the low viscosity. The plume continues to ascend, finally reaches near the bottom of the lithosphere. The plume cannot reach the bottom of the lithosphere when the density contrast is 1.5%. Interaction between the plume and the chemical boundary produces the wide and large undulation of the boundary. The wavelength is about 1000 km and the amplitude is about 400 km. Examples for the models with both a phase boundary and chemical boundary are shown in Fig. 7 . Chemical density contrasts Opch/po are 0.5%, 1.0%, and 0.5%, and yis-2 MPa/K, -2 MPa/K, and -4 MPa/ K, respectively, from the top to the bottom in the figure. The plume can push up the chemical boundary to the surface in the topmost model. The plume cannot reach the surface in the middle and the bottom models. The locations where the plumes are kept from ascending are different between the two models depending on the relative importance of the negative buoyancy due to the phase or the chemical boundaries distortion of the chemical boundary is about 300 km in both cases. The distortion is smaller for the model with the density contrast of 1.0% than for the model with the density contrast of 0.5% when y is the same value.
Discussions
The results of the present calculations with the pressure-dependent viscosity are summarized in the domain diagram in Fig. 8 . The diagram, which is similar to that shown in Fig. 12 by Christensen and Yuen (1984) , gives the penetration height of the plume for varying values of Clapeyron slope of the phase boundary yand density difference of chemical boundary OPch/po. The results for the pressure-independent viscosity (Nakakuki et al., 1994) are also shown in Fig. 9 to reveal effects of the pressure dependence. The results for the slab penetration (Christensen and Yuen, 1984) are also indicated in both the diagrams. We classify the convection styles inferred from the results for the plume and the slab.
We discuss the case of the pure phase boundary at first. The plume can penetrate through the pure phase boundary for the model with pressure-dependent viscosity and y>--5 MPa/K (Region 1 of Fig. 8 ).
In this case, whole mantle convection occurs. The critical value of the Clapeyron slope is steeper by 2 MPa/ K than that for pressure-independent viscosity. The reason why the critical value changes is as follows. High viscosity in the bottom of the mantle controls an instability of a thermal boundary layer. The plume cannot ascend until the thermal boundary layer grows enough for longer time (Christensen, 1984a) . Ascending plume grown in the more viscous mantle has a larger amount of the buoyancy. The plume can more easily overcome the negative buoyancy of the phase boundary.
The critical Clapeyron slope of -5 MPa/K is similar to that for the slab penetration by Christensen and Yuen (1984) . The temperature dependence of the viscosity enhances the difficulty of plume penetration (Nakakuki et al., 1994) . The difficulty is canceled by larger buoyancy of the plume by the pressure dependence of the viscosity as mentioned above. In the case of pressure-independent viscosity, it is possible for an intermediate regime to exist between whole mantle convection and double layer convection (Region 2 in Fig. 9 ), when the slab can penetrate into the lower mantle although the plume cannot penetrate into the upper mantle. However, such a regime does not exist in the case of pressuredependent viscosity. Double layer convection occurs for y<_ -5 MPa/K (Region 3 in Fig. 8 ). The separation of the upper and the lower mantle is not perfect for the phase boundary as Christensen and Yuen (1984) pointed out. Leaky double layer convection occurs.
Next we discuss the case when the 670 km discontinuity includes chemical difference. The plume then has to push up the chemical boundary to the surface to reach the surface of the mantle. The plume can reach the surface when L Pch/po is smaller than 1.0% for a pure chemical boundary (or y= 0 MPa/K). This critical value is smaller than that for the slab penetration. The reason is that the plume is deformed more easily because of the low viscosity by the temperature dependence (Nakakuki et al., 1994) . The effect of temperature-dependent viscosity in the plume seems to be more efficient for the chemical boundary than for the phase boundary.
We discuss the case that the 670 km discontinuity is a combination of the phase and the chemical boundaries. The plume cannot penetrate into the upper mantle with the very small value of Apch/po (=0.5%) and y= -4 MPa/K, which is the most plausible value of the 670 km discontinuity. Even if y is a gentle value of -2 MPa/K, the plume can penetrate into the upper mantle only with very small Opch/po value of 0.5%. This value of y is the largest in the range inferred from the high pressure experiments (Ito et al., 1990) . The plume cannot penetrate into the upper mantle in the case of lager value of Opch/po. When Opch/po is smaller than about 0.5% with gentle y (-2 to -3 MPa/K), whole mantle convection occurs (Region 1 in Fig. 8 ). The mantle tends toward a uniform composition by mixing induced by overturn ranging over the whole mantle. When Opch/po is in the range from 0.5 to 3.0% with moderate y (-2 to -4 MPa/K) , the slab can reach the bottom of the mantle, but the plume originated in the lower mantle cannot push up the chemical boundary to the surface. Penetrative convection may occur in such a condition (Region 4 in Fig. 8 ) as suggested by Silver et al. (1988) . Double layer convection with the plunging slab is expected as suggested by Christensen and Yuen (1984) in the case of even larger Apch/po (Region 5 in Fig. 8 ).
It is necessary to remark the uncertainties in the real location of domain boundaries caused by unknown parameters. The uncertainty in the density difference is not so large to change the conclusions of this study. Yuen (1984, 1985) concluded that the effect of latent heat and viscous dissipation on the style of the convection by the buoyancy can be neglected. These may enhance layered convection by changing the viscosity in the plume due to temperature dependence. The viscosity of the plume, however, does not change the critical value of the convection style largely at least for the phase boundary in the present models, when the value of the viscosity in the plume head is lower than about 1021 Pa•s (Nakakuki et al., 1994) .
Effects of thermal expansion coefficient and total temperature difference are discussed below . For the phase boundary, the effects of the physical properties are determined by phase buoyancy parameter P, Nakakuki et al. (1994) . In the other points, this figure is the same as Fig. 8 .
This parameter is a product of non-dimensionalized Clapeyron slope and the ratio ofthe density difference at the phase boundary to the thermal buoyancy. The critical value of P for the plume is about -0.3 (in the case of pressure-dependent viscosity), and that for slab is about 0.25 (Christensen and Yuen, 1984) . For chemical boundary, chemical buoyancy parameter B is defined as
B-A aOT~ Po
This is the ratio of compositional buoyancy to the thermal buoyancy. Critical value of B for the plume is about 0.5. This value is slightly smaller than that for the slab penetration which is in the range from 0.5 to 0.75.
The thermal expansion coefficient a is taken to be 2.5 x 10-5 in our calculation, and is 3.0 x 10-5 in Christensen and Yuen (1984) . This small difference does not cause any significant change of Fig. 8 . For the phase boundary, changes in a affect the present calculations through the phase boundary buoyancy parameter P given in Eq. (10). This parameter is inversely proportional to the thickness h of the mantle and to the thermal expansion coefficient. Our present models and the models in Christensen and Yuen (1984) use h = 1500 km, which is about half of the thickness of the real mantle. This has the same effect as a decrease of thermal expansion coefficient to the half value. Therefore, horizontal axis of the diagram is applicable to h = 3000 km with a = 1.25 x 10-5 (or 1.5 x 10-5 for Christensen and Yuen (1984) ). For the chemical boundary, B is independent of h. The present results are, therefore, applicable to the mantle with a = 2.5 x 10-5 and h = 3000 km for the chemical boundary. When the value of a is smaller than 2.5 x 10-5 the critical values of Apch/po for the plume and the slab penetrations become small compared with those shown in Fig. 8 . For example, the critical value of Apoh/po for the plume penetration is 0.25% when a is 1.25 x 10-5.
Next we consider the uncertainty of AT (temperature difference of the bottom boundary from the top boundary). The temperature difference of the lower thermal boundary layer (the core-mantle boundary) is not well constrained compared with that of the upper thermal boundary layer (the lithosphere). For the phase boundary, AT does not affects the results because P is independent of AT. For the chemical boundary, the variation of AT causes changes of the location of the domains for the plume relative to that for the slab. We can estimate this effect from the dimensionless parameter B. The critical value of APch/PO for the plume penetration changes by 0.06% for the AT variation of 100 K.
The temperature difference at the 670 km discontinuity (AT670) included in the models with the chemical change in Christensen and Yuen (1984) is not included in our models, because such temperature difference introduces complex viscosity structure at the 670 km discontinuity, and because the temperature jump at the 670 km discontinuity in the Earth is not certain. If we employ the value of Christensen and Yuen (1984) , total AT in this calculation should increase from 800 K to 1200 K (AT670 = 400 K as well as temperature jump at CMB = 800 K). Then B becomes 1.5 times smaller, and the critical value of Opch/po may be about 0.75% for the model with y = -3 MPa/K.
Recent numerical studies with more realistic geometries (three dimensionality, spherical geometry or a large aspect ratio) and parameters (high Rayleigh number) showed that a Clapeyron slope has a greater effect than that of the model with the small aspect ratio and the low Rayleigh number (Liu et al., 1991; Machetel and Weber, 1991; Zhao et al., 1992; Peltier and Solheim, 1992; Honda et al., 1993; Tackley et al., 1993) . Therefore, our conclusion that plume penetration is more difficult than slab penetration does not change at least for the 670 km discontinuity consisting of a phase change, if we use more realistic geometries and parameters.
The present study shows that the plume can penetrate into the upper mantle through the phase boundary with the value of the Clapeyron slope which enables the slab penetration, if the viscosity of the lower mantle increases by a factor of 10 to 100. In the case that the viscosity does not increase in the lower mantle, it is more difficult for the plume to penetrate into the lower mantle through the phase boundary (Nakakuki et al., 1994) . The plume can hardly reach the surface of the mantle when the 670 km discontinuity includes even a small amount ofthe chemical density difference (>_0.5%). According to recent seismic studies (Fukao et al., 1992; van der Hilst et al., 1991) , most slabs appear to be stagnant near the 670 km discontinuity but some may penetrate into the lower mantle. The seismic results thus indicate that the properties of the 670 km discontinuity lie near the Line A in Fig. 8 . In this case, the plume can penetrate the 670 km discontinuity only when the chemical density difference is negligible. On the other hand, fixed hotspots indicate that the origin of the plume is in the deep mantle (Morgan, 1971; Richards and Griffiths, 1988) . This has also been supported by the constraints from geochemical data, for example, helium isotope data (Kaneoka and Takaoka, 1985) .
Our results, therefore, suggest that the deep origin of the plume is consistent with the seismological results when the 670 km discontinuity includes only a small amount of the chemical density difference. The viscosity increase in the lower mantle by a factor of a few tens is an important mechanism to encourage the plume to penetrate into the upper mantle. This mechanism is not sufficient to enhance the plume penetration under a condition with large chemical density difference, which does not completely prevent the slab from penetrating into the lower mantle.
Although more progress of high pressure experiments and seismology will enable us to justify the results in this study, our numerical study shows that the plume can probably reach the top of the mantle through the pure phase boundary when the viscosity of the lower mantle increases with depth. If the origin of the plume is in the lower mantle, the convection style of the Earth's mantle is whole mantle convection, or intermittent change of whole mantle convection and layered convection with minor or no chemical density difference between the upper and lower mantle.
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